Fifteen of 23 ATCC strains and 2 of 9 clinical isolates of Xanthomonas maltophilia, all of which grew aerobically on ammonia, but not nitrate, as a sole nitrogen source, reduced nitrate to nitrite. X. maltophiia failed to grow anaerobically on complex medium with or without nitrate, so it is considered an obligate aerobe. Nitrate-reducing strains contained reduced methyl viologen nitrate reductase (MVH-NR) with Xanthomonas maltophilia, formerly Pseudomonas maltophilia (22, 36, 43) , is a nonfermentative, oxidase-negative, aerobic rod that is widely distributed in soil and other natural environments (20, 29, 33) , is present in the rhizosphere of certain plants (24, 25) , and is an opportunistic human pathogen frequently encountered in clinical specimens (20, 21, 38) . The broad antibiotic resistance of X. maltophilia (20) has been exploited to construct a selective medium for its isolation from soils and grasses (24). The ubiquitous distribution of this species, its importance in human disease, its purported ability to colonize small green roots and to stimulate wheat growth (25), and reports that some strains reduce nitrate led us to study the occurrence and physiology of nitrate reduction in X. maltophilia.
Xanthomonas maltophilia, formerly Pseudomonas maltophilia (22, 36, 43) , is a nonfermentative, oxidase-negative, aerobic rod that is widely distributed in soil and other natural environments (20, 29, 33) , is present in the rhizosphere of certain plants (24, 25) , and is an opportunistic human pathogen frequently encountered in clinical specimens (20, 21, 38) . The broad antibiotic resistance of X. maltophilia (20) has been exploited to construct a selective medium for its isolation from soils and grasses (24) . The ubiquitous distribution of this species, its importance in human disease, its purported ability to colonize small green roots and to stimulate wheat growth (25) , and reports that some strains reduce nitrate led us to study the occurrence and physiology of nitrate reduction in X. maltophilia.
The four known physiological roles for bacterial nitrate reduction are assimilatory, dissimilatory (denitrification), respiratory, and as an auxiliary electron acceptor in fermentations. Assimilatory nitrate reductase (NR) initiates the assimilation of nitrate nitrogen via ammonia and is not affected by the presence of oxygen (12) . In denitrification, the denitrifying NR reduces nitrate to nitrite, which is reduced subsequently to gaseous forms of nitrogen, such as nitrous oxide or dinitrogen or both (40) . Nitrate respiration in Escherichia coli and other members of the family Enterobacteriaceae couples nitrate reduction to NADH oxidation while generating a proton motive force to generate ATP (42) . The nitrite produced either accumulates or is reduced to nongaseous nitrogen compounds (5) . Nitrate can also serve as an electron acceptor in facultative anaerobes such as Staphylococcus aureus (6) and in obligate anaerobes, such as Clostridium (15, 41) , Propionibacterium (1) , and Mitsuokella (46) (44) salts (wt vol-1: 0.2% MgSO4 7H20, 0.2% citric acid, 1.0% K2HPO4, and 0.232% NaH2PO4), pantothenic acid and nicotinic acid at 2.5 ,ug/ml, methionine, valine, and leucine at 20 pug/ml, and 0.1% (wt vol-1) NaNO3, 0.1% (wt/vol-1) NH4Cl, or 0.1% (wt vol-1) of both. Inocula were grown in the defined NH4 medium and then diluted 1/30 in sterile water, and a drop was transferred to 5 ml of defined medium.
Anaerobic Neurospora crassa nit-i was grown on Fries medium as described previously (37) . Nitrate-induced mycelia were harvested, washed, and dispersed in pH 7.2 buffer composed of 0.1 M Na2HPO4/NaH2PO4, 1% (wt vol-1) NaCl, and 5 x 10-3 M EDTA (1 g of mycelia 3 ml-1), using (Fig. 1) , cell mass doubled during the 3-h experiment. The accumulated nitrite did not measurably inhibit the final growth yield, which equaled that of cultures grown in the absence of nitrate.
The effect of oxygen on the formation of nitrite was studied in cultures growing in a New Brunswick BioFlo III fermentor. The medium, strain, and initial cell concentration were the same as the experiment reported in Fig. 1 . Less than 2% of the nitrate appeared as nitrite after 3 h of growth at a DO2 of 50% saturation. Significant quantities of nitrite (e.g., representing >15% of the nitrate) accumulated only after the DO2 fell to <15% saturation. These results are consistent with the effects of oxygen on the formation of NR and the reduction of nitrate in Pseudomonas stutzeri (30) and other denitrifiers (7, 42) .
Membrane-bound nature of MVH-NR. More than 80% of the MVH-NR activity was present in the membrane fraction separated from crude extracts of X. maltophilia ATCC 13637, prepared in 10 mM MgSO4 to stabilize membranes (2, 8) , by centrifugation at 90,000 x g for 2 h. The specific activity of the pelleted MVH-NR increased threefold over that of the crude extract ( Table 2 ). The NR solubilized from the membranes by deoxycholate used MVH, but not (19) , including bacterial NRs (9, 41, 46) . When bound to a molybdoenzyme, MPT remains nonreactive in the nit-i assay until released by high ionic strength or acid treatment (16, 26) . A freely accessible, dialyzable form of MPT active in the nit-i assay without prior treatment also exists in bacterial extracts (28) (27) . The quantity of MPT in the assay of bacterial extracts maximized after 24-h incubation at 4°C, revealing 6.7 times more NADPH-NR than our standard assay (10 min at 23°C). The MPT concentrations calculated from the 10-min 23°C assay were multiplied by 6.7 to approximate the picomoles of MPT per milligram of protein in the bacterial extract (Table 3) . MPT Aerobic nutrient broth cultures were diluted in nitrate broth (11.8 mM nitrate) to an optical density at 600 nm of 0.500 and shaken in a 30°C water bath as described in Materials and Methods. Samples, for nitrite and optical density (600 nm) of cell suspensions, were taken from the 3-h culture. Cells from six flasks harvested at timed intervals were used to prepare crude extracts for determining the specific activity of MVH-NR. Nitrite is expressed as micromoles per milliliter of culture. ans20,, of 5.1 in sucrose gradients. This bound form of MPT readily dissociates from its carrier since it was active in the nit-i assay without acid or salt treatment.
All wild-type bacterial strains we have tested to date, with the exception of three folic acid-requiring strains, possess an active form of MPT. The absence of MPT in ATCC 14535 was therefore of interest, and we attempted to reverse this deficiency by growing cells in the presence of possible MPIT precursors. Addition of pterin or neopterin (1 ,ug ml-1) to the growth medium of ATCC 14535 failed to alter results of subsequent MPT assays. To determine whether this strain produced an inactive NR capable of activation by an exogenous source of MPT, extracts of nitrate-grown ATCC 14535 were mixed with bacterial extracts known to contain MPT, or acid-treated xanthine oxidase as sources of MPT, and incubated as described for the in vitro restoration reaction. We detected no MVH-NR in any of these mixtures, suggesting that ATCC 14535 generates neither the aponitrate reductase nor MPT.
DISCUSSION
As found in previous growth studies (20, 21) of nitrate reduction in X. maltophilia, we showed that approximately half the strains tested reduce nitrate to nitrite, which accumulates. Nitrate reduction in X. maltophilia, however, fails to fulfill one of the classic physiological functions of bacterial NRs. The absence of a nitrite reductase means that nitrate nitrogen can neither be assimilated nor reduced to a gaseous (30) . Extensive studies of the influence of oxygen on NR formation in E. coli indicate that oxygen affects the coordinated control of respiratory operons through the fnr locus (42) . 56, 1990 High oxygen concentrations also prevent nitrate uptake in a variety of nitrate-reducing bacteria (18 (42) and denitrifying (2, 5, 8) bacteria, but different from the 88-kDa, soluble, periplasmic NR of Rhodobacter capsulatus (35) .
Denitrifying bacteria typically reduce nitrate to nitrite, which accumulates before nitrite reductase is formed (45) , presumably induced by nitrite (42 In natural environments, X. maltophilia could benefit from using nitrate as an alternative electron acceptor for oxidizing excess NADH and NADPH when growing under semiaerobic conditions. Such a system would function as an electron sink for the bacterium and result in the release of nitrite into the environment. This process would also generate substrate for the nitrite-oxidizing bacteria in soil, which derive a significant portion of the nitrite they oxidize from nitrate reduction, as opposed to ammonia oxidation (3).
